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SUPERCONDUCTIVITY
Superconductivity, so named because of the abrupt and complete loss 
of resistance, has excited the imagination of many of the keenest scientists 
over the fifty years since its discovery. In the past seven or eight years, 
however, interest in superconductivity has increased very appreciably, and 
for two reasons. The first of these is that theoretical developments have 
opened the way toward much better understanding of the phenomena of super­
conductivity in terms of the basic properties of the electrons and the ionic 
lattice which make up a superconducting metal. The second is that super­
conductivity has become technologically important with the development of 
superconducting electronic elements and the discovery that certain supercon­
ductors are capable of carrying very high currents without resistance even 
in high magnetic fields and so are capable of generating high magnetic fields 
themselves.
The contribution of prime importance to the scientific advance was 
the theory of Bardeen, Cooper and Schrieffer (known as the BCS theory) in 
1957. This theory, which was the first major triumph for the so-called 
"many body" approach to a system of interacting particles, explained most 
of the known experimental facts of superconductivity and suggested many new 
experiments.
Although it was early recognized that the unique properties of super­
conductors could be very useful technologically, little effort was expended 
in this direction because of the great difficulty and expense of reaching 
and maintaining the required temperatures. Before World War II there were
2only a handful of laboratories in the world where liquid helium was availa­
ble, a prerequisite for research in superconductivity. The technological 
advance that made it worthwhile to consider any technical application of 
superconductivity, or for that matter, any other phenomenon in the liquid 
helium range of temperature was the development of the Collins cryostat for 
the liquifaction of helium. The first Collins cryostats were marketed in 
1946, and since that time technological interest in superconductivity has 
grown.
The invention of the cryotron by Buck in 1956 and more recent appli­
cations of superconductors to electronic circuits, particularly computer 
circuits, have stimulated an intense effort to adapt superconducting compo­
nents to the various functions of computer circuits. The feasibility of 
very high speed switching circuits and large memory banks for computers has 
been demonstrated. The discovery by Kunzler and his associates in 1961 that 
a compound of niobium and tin would remain superconducting to extremely high 
magnetic fields has touched off an effort of almost explosive proportions 
in many laboratories to develop devices using this material and other super­
conductors for the generation of very high magnetic fields for a multitude 
of uses and for the generation and conversion of power.
These developments, while significant in themselves, undoubtedly 
represent only the beginning in technological application of superconductors.
Historical and Descriptive
A brief historical sketch of some of the more important developments 
in superconductivity will, perhaps, serve also to describe the phenomena 
and indicate how our understanding of superconductivity has advanced.
3Among the earliest experiments using liquid helium as refrigerant was 
the study of the resistance of metals as a function of temperature. Mercury 
was chosen for part of this study because it could be obtained in a very pure 
state. It was completely unanticipated that at approximately 4.1 degrees 
above the absolute zero (4.1° K) the resistance vanished and remained vanish­
ingly small below this temperature, referred to as the transition temperature 
"k(Tc) . In early experiments superconductivity was looked for and found in 
other metals and alloys. Twenty-three metallic elements are now known to 
exhibit superconductivity with transition temperatures ranging from 0.4° K 
to 11.2° K; and several hundred alloy and intermetallic compounds are known 
to become superconducting, the highest known transition temperature being 
18.1° K for the compound Nb^Sn.
The discovery of superconductivity was made at the cryogenic labora­
tory of the University of Leiden in Holland— now named the Kammerling Onnes 
laboratory--by Kammerling Onnes and his co-workers. This group also dis­
covered that superconductivity was destroyed by a magnetic field and that 
the critical magnetic field required to quench superconductivity (Hc) was 
dependent upon the material and the temperature. The curve of critical field 
as a function of temperature has the shape of an inverted parabola and can 
be approximately described by the relation
«0 - H. [l - /]c
where Hq and T£ are characteristic parameters of the material. Critical 
field curves are shown in Fig. 1 for a few superconductors.
• k It has recently been shown that the resistivity of a superconductor 
is zero within the limits of accuracy of an experiment that would detect 10 
ohm cm. The resistivity of extremely pure copper at liquid helium temperature 
is approximately 10"^ ohm cm.
Figure 1„ Critical Field-Temperature Curves 
for a Number of Superconductors.
5Studies of the specific heat in 1932 and some related earlier experi­
ments indicated that the transition from the superconducting state to the 
normal state was a second order phase transition, i„e., the specific heat 
changed discontinuously at but there was no latent heat. It is possible
to measure the specific heat, and other properties as well, in both the nor­
mal and superconducting states; the superconducting state properties are 
measured in the absence of a magnetic field and normal state properties with 
the specimen in a magnetic field greater than Hc„ In Figure 2 áre shown 
curves for the normal and superconducting specific heats of tin. From data 
of this kind one can determine the difference in free energy between the 
normal and superconducting state and it was observed that this difference 
was just equal to the difference between the magnetic free energy in the 
normal and superconducting states at the critical field. It was somewhat 
surprising that one could successfully apply equilibrium thermodynamics to 
the normal-superconducting transition in a magnetic field since, at the time, 
it was thought that superconductivity could be completely described as a state 
of zero resistance, in which case the penetration of the magnetic field at 
the critical field would be accompanied by induced currents which would de­
cay with the generation of heat and so the transition would be irreversible.
The answer to this puzzling question came with the discovery by 
Meissner and Ochsenfeld in 1933 that a superconductor is a perfect diamagnet 
as well as a perfect conductor. That is to say that, regardless of the his­
tory of a superconductor, the magnetic field, if less than H , will always 
be excluded except in a very thin penetration layer and that also in the 
penetration layer are super currents which maintain the magnetic induction 
everywhere inside the superconductor at zero. So, as the magnetic field in 
the vicinity of a superconductor is increased to Hc the magnetic flux will
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Figure 2. Specific Heat of a Typical Superconductor, Tin.
7penetrate and destroy the supercurrents reversibly and without dissipation 
of heat. The exclusion of magnetic flux, known as the Meissner effect, is 
an additional property of superconductors, not directly related to the 
perfect conductivity but equally basic.
In 1935, Gorter and Casimir completed the thermodynamic description 
of superconductors and proposed a model to explain their thermal and magnetic 
properties and in the same year F„ and H. London proposed equations which 
described the electrodynamic behavior of superconductors. In the Gorter- 
Casimir model, known as the "two-fluid model," a fraction of the conduction 
electrons in the superconducting region of temperature, i.e.,, below T , were 
presumed to condense into a low energy state. The ability to flow without 
resistance was attributed to the condensed state, the remaining normal elec­
trons were presumed to retain their normal properties.
The Londons' two equations when combined with Maxwell's equations 
described the electrodynamic behavior of superconductors. The first imparted 
to the electrons zero resistance but retained their inertial properties so 
that in an electric field electrons would be accelerated without limit. This 
is to say that the electric field in a superconductor is proportional to the
^  j
time rate of change of current. —  rather than the current J itself as is the 
case in normal conductors. The second London equation accounted for the 
Meissner effect by specifying that the magnetic field in the absence of any 
current is always zero inside a superconductor and that at any point there 
is a unique relationship between magnetic field and current.
The two-fluid model together with the London equations was able to 
explain most of the experimental evidence on superconductors available at 
the time, and they successfully predicted the variation of the penetration
8depth with temperature. They were not so successful in treating the behavior 
of superconductors in high frequency electro-magnetic fields and more exten­
sive and precise measurements of such properties as the specific heat and 
critical field showed that the agreement between theory and experiment was 
only approximate. It was also recognized that these theories did not provide 
a fundamental explanation of superconductivity.
More recently, some new insight into the superconducting state com­
pleted the foundation on which the modern microscopic theory was built.
(1) In 1950 it was discovered that the superconducting parameters 
of a metal, Tc and Hq , varied as the square root of the isotopic mass, M , 
for a given element. The electronic structure of a metal is not appreciably
altered by a change of isotopic mass but the characteristic frequencies of
%the lattice vibrations should vary as M . It was, therefore, indicated that
the lattice vibrations are somehow involved in the interactions which are 
responsible for superconductivity.
(2) On the basis of a semiquantitative treatment of the sharpness
of the superconducting transition, the variation of the penetration depth
with magnetic field and with electronic mean-free-path, Pippard in 1953
-4proposed a "coherence length" or range of order of approximately 10 cm-- 
a few thousand times the interatomic spacing of a superconducting metal.
(3) Evidence began to accumulate that superconductivity was charac­
terized by a forbidden range of energies for the electrons, i.e., an energy 
gap, of quite different magnitude and character than the condensation energy 
of the two-fluid model. The first evidence appeared in the thermal conduc­
tivity and specific heat of superconductors both of which varied at low
~b/ttemperatures as e p where g was a constant and T the absolute temperature.
9A temperature dependence of this type is characteristic of a system in which 
there is a forbidden range of energies. More direct evidence was obtained 
from studies of the absorption of microwave and infra-red radiation by 
superconductors.
With the background of experiment and theory which I have outlined, 
Bardeen, Cooper and Schrieffer were able to show that the superconducting 
state could be described on a microscopic scale by considering the inter­
actions between electrons resulting from a mutual interaction with the thermal 
vibrations of the ionic lattice. They found that the important interactions 
were between pairs of electrons with equal and opposite momentum and spin.
As a result of this pair interaction, the electrons in a superconductor con­
dense into a state of lower energy forming what is known as the "supercon­
ducting ground s t a t e T h e  energy gap is, then, the minimum energy required 
to excite electrons out of the ground state into states of higher energy 
comparable to the electronic states of a normal metal. This energy gap, 
while relatively invariant at temperatures low compared to T , decreases 
with increasing temperature, rapidly approaching zero at T . The magnitude 
and temperature dependence of the energy gap predicted by the BCS theory 
have been well verified by a number of experiments of different kinds.
The BCS theory is an approximate theory in that it does not take into 
account the crystal structure of a superconductor or its effect on the 
electronic structure and lattice vibrations. It furthermore does not calcu­
late the strength of the interaction from first principles. It provides, 
nonetheless, a surprisingly accurate description of superconductivity and it 
has stimulated a more detailed investigation of its experimental aspects.
The fact that it is an approximate theory has also invited theoretical 
extensions and refinements.
10
Technological Developments
The section on technologically useful applications of superconductors
a decade ago could have been dismissed in a paragraph. Some use had been
made of superconductors in laboratory apparatus; superconducting galvanometers
-12had been built to detect as little as 10 volts; bolometers were developed 
for detecting very small quantities of radiant energy; and other devices, use­
ful in the laboratory but showing little promise outside the laboratory, had 
been built. Very recently, however, the developments mentioned earlier have 
made superconductivity an area of technological importance.
Superconducting Electronic Components
The first of these developments, the cryotron, was a straightforward, 
though nonetheless ingenious, application of known properties of supercon­
ductors to the problems of computer circuitry. As conceived by Buck the 
original cryotron consisted of a cylindrical wire of tantalum, the "gate" 
on which was wound a coil of niobium, the "control winding." The combination 
of Nb and Ta was chosen for operation at the boiling point of helium, 4.2° K. 
At this temperature, the magnetic field required to quench superconductivity 
in the Ta gate is quite small because the Ta is near its transition tempera­
ture, 4.4 K. The supercurrent in the Nb control winding necessary to create 
this small field is not sufficient to drive the control winding normal since 
Nb has a much higher critical field at 4.2, well below its transition tem­
perature of 9.2° K„
If the gate is in an otherwise completely superconducting circuit a 
current in the control winding will change the resistance from 0 to some 
finite resistance. The basic unit for use in performing any logical opera­
tion is a bistable flip-flop element involving two cryotrons shown in Fig. 3.
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The control current I is chosen large enough so that the field generated 
by the control winding is sufficient to drive the gate normal but not so 
large that it will drive either the control winding or the gate normal by 
passing through them,, If a current I is started in path 1 or path 2 it 
will continue to flow in that path because it can flow without resistance, 
whereas the current itself renders the alternate path resistive'. The cur­
rent can be made to switch to its alternate stable path only by rendering 
the original path resistive by an outside agent.
Fig. 4 shows a six-cryotron network which provides a means for read­
ing a "0" or "1" into the basic flip-flop and a means for sensing whether 
it is in the "0" or "1" state. With a steady supply current of magnitude 
Ic the network can be set in the "0" mode by passing a pulse of current 
through the "0" input or the "1" mode by a pulse in "1" input. Sensing is 
accomplished by detecting which of the readout cryotrons is resistive.
A discussion of more complicated logical operations performed with 
superconducting circuits may be found in the current literature.
Wire wound cryotrons of the type described have a serious drawback 
for use where high speed is desired. Although there is evidence that the 
transition time for switching from the normal to the superconducting state 
can be quite short, 10 ^  sec, the switching time for a cryotron circuit is 
limited by the L/R time constant for the circuit which for this type of 
element is 10  ^ sec. or more. It is difficult to increase the resistance 
appreciably but great progress has been made toward decreasing the inductance.
The technology has shifted to the use of very thin films in very 
simple and elegant geometries to perform the functions of a cryotron. Thin 
film cryotrons are basically superimposed film strips of dissimilar super­
conductors separated only by very thin insulating layers so that the magnetic
I c (supply)
Figure 4. Six Cryotron Bistable Network 
with Read In and Read Out.
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field of a current in one is sufficient to quench superconductivity in the
other. Films are deposited by evaporation of the metals and insulators at
high vacuum. With properly designed masks whole circuits can be deposited
in a single operation in arrays somewhat like printed circuits. Switching
. 9times for thin film cryotrons have been as low as 2 x 10 sec. It is claimed 
that the circuits necessary to carry out functions of a large digital computer 
may be compressed into a few cubic inches using cryotrons. Furthermore, 
cryotron networks will operate at essentially zero power.
The primary obstacle preventing large scale use of cryotron circuits 
in computers is the difficulty in preparing films with predictable and re­
producible characteristics.
The fact that supercurrents will persist indefinitely in a closed 
superconducting loop unless disturbed by a magnetic field or an increase in 
temperature has been exploited for the storage of information in a number of 
similar devices. The configuration which has attracted the most attention, 
the Crowe cell, is again a superconducting thin film device in which super­
currents are induced around holes in the film. The magnetic field associated 
with the circulating currents makes it possible to retrieve stored information 
at will.
Extensions of these and other ideas for applying superconductors to 
electronic circuitry frequently appear in the current technical literature.
The interest in superconducting electronic elements has stimulated a con­
siderable effort directed toward an understanding of the basic properties 
of superconducting thin films.
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Superconducting Magnets
It was early recognized that coils of superconducting wire could 
generate and maintain magnetic fields without any dissipation of energy.
This was indeed an attractive prospect since the energy expended in main­
taining a magnetic field in an electromagnet is all lost as heat.
Until recently the maximum critical fields of pure superconductors 
seemed to put a ceiling on the magnitude of magnetic fields attainable with 
superconductors. The critical field of niobium of about 2,000 gauss ap­
peared to be about the limit, a level which is unattractive except for low 
temperature experiments where one wanted modest fields when one considers 
that the windings must be kept at liquid helium temperature.
Holes began to appear in this ceiling; it was noted that the hard to 
purify "hard" superconductors retained a remnant of superconductivity, i.e., 
would carry small supercurrents, in magnetic fields well in excess of their 
critical fields and that alloys of the better behaved superconductors showed 
similar tendencies. As early as 1931 DeHaas and Voogd observed that wires 
of an alloy of lead and bismuth were still superconducting at fields of 
15,000 gauss (15K gauss). It was also observed that specimens whose dimen­
sions were comparable to the penetration depth (thin films, wires or colloidal 
particles) exhibited critical fields considerably greater than the bulk 
material. For thin films of tin whose thickness was approximately one-fourth 
the penetration depth, the magnetic field required to completely destroy 
superconductivity was about 30 times the bulk critical field.
No concerted effort was made to exploit these phenomena for the genera­
tion of high magnetic fields until the discovery by Kunzler and his associates 
in 1961 that superconductivity could persist to quite high magnetic fields
in certain materials.
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Kunzler et al reported that an alloy of molybdenum and rhenium 
remained superconducting to fields in excess of 15 K gauss and that a small 
solenoid of this alloy was capable of generating fields of 15 K gauss. In 
the same year (1961) the same group reported that the intermetallic com­
pound Nb^Sn not only remained superconducting in field as high as 88 K gauss
but also that it was capable of carrying very high current densities in high
5 2magnetic fields (approx. 10 amps/ cm in fields of 88 K|gaujss). This 
announcement signalled the start of a race to construct superconducting 
magnets for the generation of very high magnetic fields. The participants 
in this race are mostly groups in the industrial laboratories that antici­
pated commercial advantage from the potential demand for high field super­
conducting solenoids. I shall not attempt a blow by blow description of the 
race involving groups at Westinghouse, Bell Labs, General Electric, RCA, and 
a number of smaller companies. At the moment, General Electric appears to 
have topped the field with the announcement of a 100 K gauss magnetic field 
generated by a solenoid of the compound Nb^Sn although Westinghouse and the 
Magnion Corporation have been marketing niobium zirconium alloy superconduct­
ing magnets capable of generating fields up to about 50 K gauss for some 
time.
There are indications that Nb^Sn, V^Si, and V^Ga with transition tem­
peratures of 18.1, 16.9, and 14.5° K, respectively, may remain superconducting 
in magnetic fields up to 300-500 K gauss at temperatures well below their 
transition temperatures (Nb^Sn has been observed to remain superconducting 
in pulsed fields near 200 K gauss)0 These three belong to a class of com­
pound with the so-called B-Wolfram crystal structure and are characteristically 
hard and brittle and intractable to normal metal working techniques. Nb^Sn
wires have been made by drawing into wire tubes of Nb filled with powders 
of Nb and Sn and subsequently forming the compound by reaction at high tem­
peratures. Processes involving deposition of Nb^Sn on wires and ribbons by 
decomposition of a mixture of volatile halides of Nb and Sn and surface re­
action of Nb wires with Sn have shown some promise.
Another class of materials in which superconductivity persists to 
high magnetic fields is a group of alloys of the superconducting transition 
metals, particularly Nb, V, Ta, Mo, Ti, and Zr. These materials do not have 
as high transition temperatures as the B-Wolfram compounds, highest values 
are in the range from 10-12 K, nor do they exhibit as very high magnetic 
field characteristics, maximum field are in the range from 100 to 140 K gaus 
but they are amenable to reasonably straightforward metallurgical processing 
A large majority of the superconducting magnets to date have been made from 
alloys of Nb and Zr of this class.
It is now appropriate to asks To what extent are these high field 
phenomena understood? The understanding is yet far from perfect but it is 
fair to say that the explanation is closely related to the fact that super­
conducting specimens of small dimensions relative to the penetration depth 
will withstand magnetic fields far in excess of the bulk critical fields.
The bulk critical fields, i.e., the fields related to the thermodynamic 
properties of the material, of the alloys and compounds which exhibit high 
field characteristics, are probably in no case in excess of 10 K gauss.
The explanation for the enhancement of the critical field in small 
specimens lies in the fact that when dimensions are small compared to the 
penetration depth the magnetic field penetrates the whole specimep to some 
extent and so the difference in magnetic energy per unit volume between the
18
superconducting state and the normal state at any given field is much less 
than that for a macroscopic specimen. Therefore, it is necessary to go to 
a much higher field than the bulk critical field for the difference in mag­
netic energy to equal the intrinsic difference in energy between the normal 
and superconducting states.
From earlier work on niobium and recent experience with high field 
alloys it was found that the amount of cold work strongly influenced the 
ability of these materials to remain superconducting in high magnetic fields. 
The critical current (the maximum current a superconductor will carry without 
becoming resistive) in these materials is particularly sensitive to the amount 
of cold work, increasing with increased cold work. It is known that dislo­
cations associated with cold work tend to form continuous networks throughout 
the metal. The dislocations themselves are filamentary regions of highly 
strained material with effective radii of only a few atomic distances. It 
has been speculated that because the material in a dislocation is strained 
its superconducting properties are altered slightly relative to the bulk 
material and so the dislocation may remain superconducting in magnetic fields 
sufficient to quench superconductivity in the bulk. Then, because of their 
very small dimensions, very high fields are required finally to quench super­
conductivity in the dislocations. The critical current would then be related 
to the density of dislocations which is directly related to the amount of 
cold work.
A theoretical model for a network of supercondcuting filaments pre­
dicted electrical and magnetic behavior quite similar to that observed in 
specimens of Nb^Sn and Nb—Zr alloys0 Bean and his coworkers have demonstrated 
that an actual network of superconducting filaments made by forcing mercury 
or molten lead into the pores of a porous glass fitted the model almost exactly.
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While this model appears to explain the properties of some materials 
a second mechanism undoubtedly also plays a role« It was predicted by 
Ginzburg and Landau in 1950 that under certain circumstances, in particular 
when the coherence length is approximately equal to or less than the low 
temperature penetration depth, the energy required to generate new normal- 
supercondcuting interfaces would be negative in a magnetic field. Under 
these circumstances Abrikasov showed that a superconductor would spontaneously 
break up into a microscopically fine array of normal filaments in a matrix 
of superconducting material with the magnetic flux passing through the normal 
regions. In this finely divided "mixed state" the magnetic field would also 
penetrate the superconducting regions because both the diameters of the fila­
ments and their spacing are small compared to the penetration depth. Again 
because of the small dimensions of the supercondcuting regions in the mixed 
state superconductivity will persist to fields well in excess of the bulk 
critical field. Superconductors with negative surface energy are known as 
type II superconductors.
Magnetic behavior approximating that predicted for type II supercon­
ductors has been observed in a number of alloys and at least one pure ele­
ment, Nb, Magnetization curves for finely powdered Nb^Sn also show some of 
the characteristics of type II superconductors.
There is evidence that the complete explanation of high field super­
conductivity must take into consideration both of the above mechanisms.
Many uses are envisioned for very high field superconducting magnets 
and materials capable of carrying very large supercurrents in the presence 
of magnetic fields in spite of the fact that they must be maintained at liquid 
helium temperature. Superconducting magnets have already become important
research tools.
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Much of the solid state research involves studies of the effect of 
magnetic fields on various physical properties and in many instances these 
studies are limited by available fields. High magnetic fields are of interest 
to the nuclear physicists in connection with bubble chambers for analyzing 
high energy radiation and also possibly for the construction of more compact 
and powerful particle accelerators. Very high magnetic fields generated by 
superconducting magnets may provide a means for containing reacting thermo­
nuclear plasmas and thus may contribute a big advance toward practical 
thermonuclear power generation. Superconducting magnets are also attractive 
in other forms of power generation such as magnetohydrodynamic generation.
With superconductors capable of carrying current densities of a 
million amps per square centimeter it is conceivable that they may prove 
economical for power transmission and distribution in spite of the for­
midable problems associated with maintaining them at liquid helium tempera­
ture. It is also conceivable that transmission and distribution losses may 
be cut by using superconducting transformers.
While the paths of scientific and technological advancement are in 
many respects parallel, in the area of superconductivity they cross very 
frequently. The scientific discoveries and advances in knowledge are 
quickly translated into potentially useful technology and the questions 
raised in technical applications have frequently stimulated worthwhile 
scientific investigation.
It is probable that the wildest speculation we can make now about 
the possible uses of superconductivity will seem to have been quite modest 
at the end of the next decade or two.
This article appeared in essentially its present form as a chapter 
in "Helium in the Space Age," published by the National Helium Corporation 
to emphasize the role of helium in present day technology and the need for
its conservation.
DISTRIBUTION LIST AS OF JULY 1 2 , 1963
1 Director
Air University Library 
Maxwell Air Force Base, Alabama 
Attn: CR-4803a
1 Redstone Scientific Information Center
U .S . Army M issile Command 
Redstone Arsenal, Alabama
1 Electronics Research Laboratory 
University of California 
Berkeley 4, California
2 Hughes Aircraft Company 
Florence and Teale 
Culver City, California 
Attn: N. E. Devereux
Technical Document Center
3 Autonetics
9150 East Imperial Highway
Downey, California
Attn: Tech. Library, 3041-11
1 Dr. Arnold T. Nordsieck
General Motors Corporation 
Defense Research Laboratories 
6767 Hollister Avenue 
Goleta, California
1 University of California
Lawrence Radiation Laboratory 
P. O. Box 808 
Livermore, California
1 Mr. Thomas L. Hartwick
Aerospace Corporation 
P. O. Box 95085 
Los Angeles 45, California
1 Lt. Colonel Willard Levin
Aerospace Corporation 
P. O. Box 95085 
Los Angeles 45, California
1 Professor Zorab Kaprelian
University of Southern California
University Park
Los Angeles 7 , California
1 Sylvania Electronic Systems -  West
Electronic Defense Laboratories
P. O. Box 205 
Mountain View, California 
Attn: Documents Center
1 Varian Associates
611 Hansen Way 
Palo Alto, California 
Attn: Dr. Ira Weissman
1 Huston Denslow
Library Supervisor 
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California
1 Professor Nicholas George
California Institute of Technology 
Electrical Engineering Department 
Pasadena, California
1 Space Technology Labs. , Inc.
One Space Park
Redondo Beach, California 
Attn: Acquisitions Group
STL Technical Library
2 Commanding Officer and Director 
U .S . Naval Electronics Laboratory 
San Diego 52, California
Attn: Code 2800, C. S. Manning
1 Commanding Officer and Director
U .S . Navy Electronics Laboratory 
San Diego 52, California 
Attn: Library
1 Office of Naval Research Branch Office 
1000 Geary Street 
San Francisco, California
1 The RAND Corporation
1700 Main Street 
Santa Monica, California 
Attn: Library
1 Stanford Electronics Laboratories
Stanford University 
Stanford, California 
Attn: SEL Documents Librarian
1 Dr. L. F. Carter
Chief Scientist Air Force 
Room 4E-324, Pentagon 
Washington 25, D. C.
1 Mr. Robert L. Feik
Associate Director for Research 
Research and Technology Division 
AFSC
Bolling Air Force Base 25, D. C.
1 Captain Paul Johnson (USN-Ret)
National Aeronautics and Space 
Administration 
1520 H Street, N. W.
Washington 25, D. C.
1 Major Edwin M. Myers
Headquarters USAF (AFRDR)
Washington 25, D. C.
1 Dr. James Ward
Office of Deputy Director 
(Research and Info)
Department of Defense 
Washington 25, D. C.
1 Dr. Alan T. Waterman
Director, National Science Foundation 
Washington 25, D. C.
1 Mr. G. D. Watson
Defense Research Member 
Canadian Joint Staff 
2450 Massachusetts Ave., N. W. 
Washington 8, D. C.
1 Mr. Arthur G. Wimer
Chief Scientist 
Air Force Systems Command 
Andrews Air Force Base 
Washington 25, D. C.
1 Director, Advanced Research
Projects Agency 
Washington 25, D. C.
1 Air Force Office of Scientific Branch
Directorate of Engineering Sciences 
Washington 25, D. C.
Attn: Electronics Division
1 Director of Science and Technology
Headquarters, USAF 
Washington 25, D. C.
Attn: AFRST-EI/GU
1 Director of Science and Technology
AFRST -  SC 
Headquarters, USAF 
Washington 25, D. C.
1 Headquarters, R & T Division
Bolling Air Force Base 
Washington 25, D. C.
Attn: RTHR
1 Headquarters, U .S . Army Material Command
Research Division, R & D Directorate 
Washington 25, D. C.
Attn: Physics & Electronics Branch 
Electronics Section
1 Commanding Officer
Diamond Ordnance Fuze Laboratories 
Washington 25, D. C.
Attn: Librarian, Room 211, Bldg. 92
1 Operations Evaluation Group
Office of the CNO (Op03EG)
Navy Department 
Washington 25, D. C.
1 Chief of Naval Operations
Tech. Analysis & Advisory Group (OP-07T) 
Pentagon
Washington 25, D. C.
1 Commanding Officer
U .S . Army Personnel Research Office 
Washington 25, D. C.
1 Commanding Officer & Director
David W. Taylor Model Basin 
Navy Department 
Washington 7, D. C.
Attn: Code 142, Library
1 Bureau of Ships
Department of the Navy 
Washington 25, D. C.
Attn: Code 686
1 Bureau of Ships
Navy Department 
Washington 25, D. C.
Attn: Code 732
1 Technical Library, DLI-3
Bureau of Naval Weapons
Department of the Navy 
Washington 25, D, C.
1 Director
Naval Research Laboratory 
Washington 25, D. C.
Attn: Code 5140
1 Department of the Navy
Office of Naval Research 
Washington 25, D. C.
Attn: Code 437
1 Dr. H. Wallace Sinaiko
Institute for Defense Analyses 
Research & Engineering Support Division 
1666 Connecticut Ave., N.W.
Washington 9 , D. C.
1 Data Processing Systems Division
National Bureau of Standards 
Conn, at Van Ness 
Room 239, Bldg. 10 
Washington 25, D. C.
Attn: A. K. Smilow
1 Exchange and Gift Division
The Library of Congress 
Washington 25, D. C.
1 NASA Headquarters
Office of Applications 
400 Maryland Avenue, S.W .
Washington 25, D. C.
Attn: Mr. A. M. Greg Andrus 
Code FC
1 AOGC (PGAPI)
Eglin Air Force Base 
Florida
1 Commanding Officer
Office of Naval Research, Chicago Branch 
6th Floor, 230 North Michigan 
Chicago 1, Illinois
1 Laboratories for Applied Sciences
University of Chicago 
6220 South Drexel 
Chicago 37, Illinois
1 Librarian
School of Electrical Engineering 
Purdue University 
Lafayette, Indiana
1 Commanding Officer
U .S . Army Medical Research Laboratory 
Fort Knox, Kentucky
2 Keats A. Pullen, Jr.
Ballistic Research Laboratories 
Aberdeen Proving Ground, Maryland
Commander
Air Force Cambridge Research Laboratories 
Laurence G. Hanscom Field 
Bedford, Massachusetts 
Attn: CRXL
Director
U .S . Army Human Engineering Laboratories 
Aberdeen Proving Ground, Maryland
Scientific & Technical Information Facility
P. O. Box 5700
Bethesda, Maryland
Attn: NASA Representative (S-AK/DL)
Mr. James Tippett 
National Security Agency 
Fort Meade, Maryland
Dr. Lloyd Hollingsworth 
Director, ERD 
AFCRL
L. G. Hanscom Field 
Bedford, Massachusetts
Major William Harris 
Electronics Systems Division 
L. G. Hanscom Field 
Bedford, Massachusetts
Instrumentation Laboratory 
Massachusetts Institute of Technology 
68 Albany Street 
Cambridge 39, Massachusetts 
Attn: Library W l-109
Research Laboratory of Electronics 
Massachusetts Institute of Technology 
Cambridge 39, Massachusetts 
Attn: Document Room 26-327
Dr. Robert Kingston 
Lincoln Laboratories 
Lexington, Massachusetts
Lincoln Laboratory
Massachusetts Institute of Technology 
P. O. Box 73
Lexington 73, Massachusetts 
Attn: Library, A-082
Sylvania Electric Products Inc.
Electronic Systems 
Waltham Labs. Library 
100 First Avenue 
Waltham 54, Massachusetts
Minneapolis-Honeywell Regulator Co. 
Aeronautical Division 
2600 Ridgeway Road 
Minneapolis 13, Minnesota 
Attn: Mr. D. F. Elwell 
Main Station: 625
Inspector of Naval Material
Bureau of Ships Technical Representative
1902 West Minnehaha Avenue
St. Paul 4, Minnesota
Activity Supply Officer, USAELRDL 
Building 2504, Charles Wood Area 
Fort Monmouth, New Jersey 
For: Accountable Property Officer 
Marked: For Inst, for Exploratory Research 
Inspect at Destination 
Order No. 5776-PM-63-91
Commanding General 
U .S . Army Electronic Command 
Fort Monmouth, New Jersey 
Attn: AMSEL-RE
Mr. A. A. Lundstrom 
Bell Telephone Laboratories 
Room 2E-127 
Whippany Road 
Whippany, New Jersey
AFMDC (MDSGP/Capt. Wright)
Holloman Air Force Base 
New Mexico
Commanding General 
White Sands Missile Range 
New Mexico
1 Microwave Research Institute
Polytechnic Institute of Brooklyn 
55 John Street 
Brooklyn 1, New York
1 Cornell Aeronautical Laboratory, Inc.
4455 Genesee Street 
Buffalo 21, New York 
Attn: J. P. Desmond, Librarian
1 Sperry Gyroscope Company
Marine Division Library 
155 Glen Cove Road 
Carle Place, L .I . ,  New York 
Attn: Mrs. Barbara Judd
1 Rome Air Development Center
Griffiss Air Force Base 
New York
Atten: Documents Library 
RAALD
1 Library
Light Military Electronics Department 
General Electric Company 
Armament & Control Products Section 
Johnson City, New York
1 Columbia Radiation Laboratory
Columbia University 
538 West 120th Street 
New York 57, New York
1 Mr. Alan Barnum
Rome Air Development Center 
Griffiss Air Force Base 
Rome, New York
1 Dr. E. Howard Holt
Director
Plasma Research Laboratory 
Rensselaer Polytechnic Institute 
Troy, New York
3 Commanding Officer
U .S . Army Research Office (Durham)
Box CM, Duke Station 
Durham, North Carolina 
Attn: CRD-AA-1P, Mr. Ulsh
1 Battelle-DEFENDER
Battelle Memorial Institute 
505 King Avenue 
Columbus 1, Ohio
1 Aeronautical Systems Division
Navigation and Guidance Laboratory 
Wright-Patterson Air Force Base 
Ohio
1 Aeronautical Systems Division
Directorate of Systems Dynamic Analysis
Wright-Patterson Air Force Base
Ohio
1 Commanding Officer (AD-5)
U .S . Naval Air Development Center 
Johnsville, Pennsylvania 
Attn: NADC Library
2 Commanding Officer 
Frankford Arsenal 
Philadelphia 37, Pennsylvania 
Attn: SMUFA-1300
1 H. E. Cochran
Oak Ridge National Laboratory
P. O. Box X
Oak Ridge, Tennessee
1 U .S . Atomic Energy Commission
Office of Technical Information Extension
P. O. Box 62
Oak Ridge, Tennessee
1 President
U .S. Army Air Defense Board 
Fort B liss , Texas
1 U .S . Air Force Security Service
San Antonio, Texas 
Attn: ODC-R
1 Director
Human Resources Research Office 
The George Washington University 
300 North Washington Street 
Alexandria, Virginia
20 ASTIA Technical Library AFL 2824 
Arlington Hall Station 
Arlington 12, Virginia 
Attn: TISLL
1 Commander
U .S . Army Research Office 
Highland Building 
3045 Columbia Pike 
Arlington 4, Virginia
1 U .S . Naval Weapons Laboratory 
Computation and Analysis Laboratory 
Dahlgren, Virginia
Attn: Mr. Ralph A. Niemann
2 Army Material Command 
Research Division
R & D Directorate 
Bldg. T-7
Gravelley Point, Virginia
